In the morning of 26 Nov 1997, a squall line in association with a tapering, or carrot-shaped cloud, formed along an ENE-WSW oriented cold front north of Taiwan, and moved toward the south-southeast. A segment embedded within the squall line subsequently evolved into a bow echo and made landfall over northern Taiwan. Being a very rare event and the first case in subtropical East Asia reported, this wintertime bow echo was examined in its environment, structure, and evolution mainly using the observations from the single-Doppler radar located at the Taiwan Taoyuan International Airport (TTIA). The bow echo developed in an environment of unusually large low-level vertical wind shear of 28 m s À1 over 0-3 km, with a moderate Convective Available Potential Energy (CAPE) of 1288 m 2 s À2 . The approaching baroclinic cold front was essential in providing not only a means to organize the convection, but also the vertical shear and thermodynamic conditions suitable for bow echo development. Two aspects of the present bow echo were quite different from those in the United States over mid-latitude continents: It occurred in cold season, and was accompanied by heavy rainfall, which was linked to its weaker rear inflow and slower propagation speed of about 16 m s À1 . The bow echo had a length of 60-90 km, and a lifespan of about 4 h. After formation, it propagated rapidly eastward along the squall line and passed TTIA near 0600 LST, producing northwesterly surface gusts of 18.5 m s À1 . The bow echo also exhibited many typical structural features; including a bulged apex, a reflectivity notch, the mid-level rear-to-front (RTF) inflow, reaching 25 m s À1 , and a pair of cyclonic-anticyclonic bookend vortices. During the mature stage, the updraft tilted up-shear, and the RTF inflow jet was elevated (near 3-4 km) until very close to the gust front. The bookend vortices lasted for about 2-3 h, and were most evident at 2 km.
Introduction
Bow echoes, or line echo wave pattern (LEWP, Nolen 1959) , are a unique form of organized severe convection (e.g., Weisman 2001) . While a more general name of ''derecho'' was used by Johns and Hirt (1987) , the term ''bow echo'' was first introduced by Fujita (1978) to describe a bowed (or bulged) shape of radar echo pattern that is known to occur in association with severe weather at the surface, in particular straight-line gust winds and small tornadoes (Fujita 1981; Weisman 2001) . Based on events east of the Rockies in the United States (US) in warm season (May-August), Johns and Hirt (1987) identified two basic patterns of bow echoes: A single bowed segment that moves parallel to a quasi-stationary front, and a series of LEWPs that propagate along a larger squall line, roughly in the mean wind direction in the lower mid-troposphere. On the other hand, Przybylinski and DeCaire (1985) grouped bowshaped radar echo patterns into four types (also Przybylinski 1995) , while Fujita (1978) categorized their evolution into three typical stages: Tall echo, bow echo, and comma echo. With a usual lifespan of several hours, the horizontal scale of bow echoes is quite variable, from below 20 to over 120 km (Fujita 1978) , but those Mesoscale Convective System (MCS)-like ones in warm season tended to be larger (Przybylinski 1995; Weisman 2001) .
Often embedded within the latter, bow echoes share many structural characteristics with squall lines, such as the system-relative low-level front-to-rear (FTR) inflow, the midlevel rear-to-front (RTF) inflow, tilted updraft and downdraft, the trailing stratiform precipitation area, as well as the cold pool and gust front (Smull and Houze 1985; Houze et al. 1989) . Through idealized simulations, Weisman (1992 Weisman ( , 1993 showed that as the updraft tilted up-shear, a rear-inflow jet (RIJ) formed at midlevel, in response to the buoyant updraft aloft and the rearward-spreading cold pool at the surface. Moreover, as required for long-lived convective lines (Rotunno et al. 1988) , in environments with large low-level vertical wind shear (b15-25 m s À1 in the lowest 2.5 km) and convective available potential energy (CAPE, b2000 m 2 s À2 ), the resultant RIJ could reach exceptional strength, and remained elevated (about 40 m s À1 at 2.5 km) and descended only very close to the gust front, to cause surface downbursts (also Lee et al. 1992; Funk et al. 1999) . Observations showed that damaging gusts could reach 30 to over 50 m s
À1
(e.g., Fujita 1978 Fujita , 1981 Weisman 2001) . Pushed by the RIJ, the middle segment of the line propagated faster to form the bowed shape (Fujita and Caracena 1977) , with an apex at the leading edge, and a low reflectivity ''notch'' in association with the RIJ (Przybylinski and Gery 1983; Smull and Houze 1987) .
Another unique feature associated with bow echoes is a pair of mid-level (about 2-7 km) cyclonic and anticyclonic vortices, or ''bookend vortices'' (Weisman 1993) , perhaps 30 km in diameter at or immediately behind the northern and southern ends of the bow segment, respectively (Schmidt and Cotton 1989; Jorgensen and Smull 1993; Skamarock et al. 1994) . Again through modeling, Weisman and Davis (1998) found that the initial source of bookend vortices could be from the tilting of ambient shear by the downdraft. At later stages, however, the primary mechanism was the upward tilting of system-generated shear across the downdraftupdraft interface at the leading edge of the cold pool. The vortex pair acted to focus the rear inflow, and hence the lift at the gust front. It contributed toward the strength of the RIJ (by up to 50%) and system's overall longevity (Weisman 1993) . In addition, the Coriolis effect promoted the cyclonic vortex, and suppressed the anticyclonic one. The symmetric systems tended to evolve into asymmetric ones, with a dominant comma head at late stages (Fujita 1978; Weisman and Davis 1998) .
Although the majority of previous studies on bow echoes were based on events over the Great Plains and the Midwest in the US (e.g., Davis et al. 2004) , they can occur elsewhere under less favorable conditions and also in cold season, with stronger dynamical forcing (Wakimoto 1983; Przybylinski 1988; Johns 1993) . The CAPE may be moderate, between about 800 and 1500 m 2 s À2 (e.g., Przybylinski 1995; Kennedy and Rutledge 1995; Jorgensen et al. 1997; Schmid et al. 2000) . However, studies on bow echoes outside the US, in different environments are still limited in the literature, with only a few exceptions (e.g., Jorgensen et al. 1997; Businger et al. 1998; Schmid et al. 2000) , and are thus much needed (Przybylinski 1995; Weisman 2001) .
In the Taiwan area, severe convection and squall lines are frequent occurrences during the Meiyu season of May-June (Chen 1992) . Chen and Chou (1993) examined six prefrontal squall lines, and found that they evolved in en-vironments between mid-latitude and tropics, with an averaged CAPE of 1330 m 2 s À2 during their mature stage and strong low-level vertical shear provided by a low-level jet (LLJ) at 850-700 hPa. Previous case studies confirmed that these early-summer squall lines share many common structural characteristics with those in mid-latitudes and tropics (e.g., Wang et al. 1990; Tao et al. 1991; Lin et al. 1992) . Recently, Wakazuki et al. (2006) reported arcshaped structure of several tens of kilometers in mesoscale convective lines within cloud clusters to the south of Kyushu Island, Japan, near 31 N along the Baiu front. During the cold season, on the other hand, severe convection near Taiwan is rare, because of a lack of instability and low-level moisture under the prevailing northeasterly monsoon flow. Weather records at the Taiwan Taoyuan International Airport (TTIA) over northern Taiwan (cf., Fig. 1 ) indicated only five days with thunder in 14 winters (Nov, Dec, and Jan, 1988-2001) . Thus, severe weather like squall lines and bow echoes is indeed very rare in this region during wintertime, and relevant studies are also extremely few.
In the morning of 26 Nov 1997, a winter squall line along a cold front passed through TTIA, producing strong gusts reaching 18.5 m s À1 . As shown in Fig. 1 , based on the observations by the Civil Aeronautical Administration (CAA) Doppler radar at the airport (to be presented in Section 5), the squall line lasted for more than 8 h, moved southsoutheastward into northern Taiwan, and brought heavy rainfall. Moreover, a bow echo about 60-90 km in length and about 4 h in lifespan (0400-0800 LST) was embedded within the squall line, and propagated eastward to also pass the airport near 0600 LST. The Geostationary Meteorological Satellite-5 (GMS-5) infrared cloud imagery at this time ( Fig. 2) revealed that the bow echo and squall line were also associated with a rare ''tapering cloud'' (Toyoda et al. 1999) or ''carrot-shaped cloud'' (Ishizuka and Kodama 2001) , which is often related to severe weather but its internal structure is not well understood, near the southwestern tip of a large mid-latitude comma cloud. In fact, during the 14 winters mentioned earlier, this constituted one of the five days with thunder and the only bow echo event. Although the surface gusts in this case were no match to those observed in the US in magnitude (but very strong by local standards), given the rareness of such an event in a subtropical maritime setting and especially in winter, it is interesting to investigate the environmental and synoptic conditions under which this bow echo developed. Besides environmental conditions, the structure and evolution of this case are also examined mainly using single-Doppler radar observations, and both differences and similarities between the present case and midlatitude continental events are discussed with an emphasis on those aspects more unique in East Asia. Such aspects are essential for understanding bow echo development under maritime and often less-than-optimal atmospheric conditions over the East Asia. As the first wintertime bow echo case to be reported in the region, the current study should add to our knowledge about the structure of tapering (carrot-shaped) clouds.
Data and analysis
The primary data used in this study were observations of the CAA C-band Doppler radar located at TTIA (25.07 N, 121.21 E) . During routine operation, a complete scan at 10 vertical viewing angles was made every 30 min, and the sampling rate was increased to every 15 min during 0600-0845 LST 26 Nov 1997 to collect data at both Doppler and non-Doppler modes at ranges of 120 and 240 km, respectively (Fig. 1) . The radar was struck by lightning, causing a computer crash after 0845 LST, and the scanning stopped. Here, radar data analyzed included vertical maximum indicator (VMI), Plain Position Indicator (PPI), as well as Constant-Altitude PPI (CAPPI) and Range-Height Indicator (RHI) of reflectivity and radial velocity. Besides Doppler radar data, 12-h Japanese Meteorological Agency (JMA) sea-level and upper-air weather maps were employed to evaluate synoptic conditions, while soundings at Panchiao over northern Taiwan (cf., Fig. 1 ) were used to analyze thermodynamic condition and vertical wind shear of the environment. For cloud identifications, infrared (IR) cloud imageries from GMS-5 are used, while hourly records such as pressure, temperature, dew-point, and horizontal winds at Central Weather Bureau (CWB) surface stations and rain gauges were also utilized for mesoscale analysis.
Synoptic environment
The JMA surface weather map at 2000 LST (1200 UTC) 25 Nov 1997 (Fig. 3) shows that a low was situated over the Korean Peninsula with a cold front extending southwestward into southern China, in agreement with the cloud pattern in Fig. 2 (open arrows) was present near the Taiwan Strait. The air near the LLJ was also humid (with a dew-point deficit a 3 C), suggesting abundant moisture supply. The troughs at various levels in the lower-to-middle troposphere showed a westward tilt with height and indicated a baroclinic structure. At 300 hPa, an upper-level jet (ULJ) streak (of 55 m s À1 ) existed at 27 N, 106 E and a diffluent flow pattern (gray arrow lines) appeared near northern Taiwan.
The Panchiao sounding (cf., Fig. 1 ) at 2000 LST 25 Nov, before the formation of the squall line, indicated that the atmosphere was relatively dry above 800 hPa and horizontal winds veered with height, suggesting warm air advection (WAA) in the lower troposphere (Fig.  4a) . The CAPE of the most unstable air, at 925 hPa, was 1288 m 2 s À2 and comparable to those found in several bow echoes with moderate instability (Przybylinski 1995; Kennedy and Rutledge 1995; Jorgensen et al. 1997; Schmid et al. 2000) . The 1000-700 hPa vertical wind shear, from the WSW (239 ) at 28 m s À1 , also met the values needed for bow echo development (Weisman 1992 (Weisman , 1993 . Thus, synoptic conditions such as instability, WAA, LLJ, and upper-level diffluence were not only favorable for deep convection, but the combination of strong low-level vertical shear, CAPE value, and a relatively dry middle troposphere was also conducive to long-lived severe weather and bow echoes.
Also at Panchiao, the time-height crosssection of equivalent potential temperature ðy e Þ and horizontal winds (Fig. 4b) (Fig. 4b ) due to the approach of both the LLJ and ULJ (cf., Fig. 3 ). In agreement with Johns and Hirt (1987) , because a stable capping layer existed below 850 hPa at 0800 LST 25 Nov to inhibit the convection ( Fig. 4b) , deep convection became more likely to break out (and indeed took place) in an unstable atmosphere with almost no convective inhibition (1 m 2 s À2 ) when the cold front arrived after 2000 LST 25 Nov (cf., Fig. 1 ). At 0800 LST 26 Nov, the atmosphere at Panchiao had returned to a more stable state, as the instability had already been released (Fig. 4b) . As the surface front moved into northern Taiwan Strait, an ENE-WSW oriented squall line developed along it and moved toward the SSE at a mean speed of about 7 m s À1 (cf. Fig. 1 ). The vertical profile of horizontal winds at Panchiao at 2000 LST 25 Nov is again shown in Fig. 4c , but divided into components normal ðV n Þ and tangential ðV t Þ to the main axis of the squall line. At 1000-700 hPa, the vertical shear in V t was greater than in V n . In the normal direction, the steering level appeared at about 375 hPa, below which level systemrelative inflow existed and maximized at 700 hPa. Above 375 hPa, the system-relative outflow increased with height to at least 200 hPa (Fig. 4c ).
Surface mesoscale circulation and rainfall
In Fig. 5 , surface streamlines and rainfall amount were analyzed at 1-h intervals for 0600-0900 LST, 26 Nov 1997, with wind flags altered for better clarity. Prior to 0600 LST 26 Nov, the bow echo was propagating over northern Taiwan Strait (cf., Fig. 1 ), and no rain was observed over the island. At 0600 LST, the bow echo as determined from radar VMI map just reached the northwestern coast of Taiwan (Fig. 5a ). About 15 km ahead, at the leading edge of the bow (roughly along 25 N), there was a gust front characterized by significant convergence and rapid wind shift from weak (a5 m s À1 ) prefrontal southwesterlywesterly flow into a much stronger (about 5-10 m s À1 ) northwesterly flow. Along Taiwan's northeastern coast, surface winds were from the NW, since the front there already had passed 25 N. Ahead of the gust front near 121.5 E, however, southerly down-slope winds existed and had been evident along the northern slopes of the Snow Mountain Range (SMR, cf., Fig. 1 ) during nighttime (not shown), leading to an anti-cyclonic vortex near 24.9 N, 121.7
E. Within about 10 km behind the gust front, a temperature-drop line (thick dashed) was also present. Ahead of this line, surface air temperatures along the northwestern coast of Taiwan were about 25 C, but were only close to or below 20 C behind (Fig. 5a ). By 0600 LST, precipitation had started and the rainfall area lay almost precisely behind the temperaturedrop line, suggesting an intimate relationship with the downdraft-induced cold pool. The maximum rainfall of 25 mm (0500-0600 LST) over land was observed near 25.2 N, 121.4 E, collocated with the apex of the bow echo.
At 0700 LST, the bow echo continued to move across northern Taiwan and produce northwesterly (to northerly) straight-line winds (Fig.  5b) . However, most likely due to terrain blocking (cf., Fig. 1 ), the surface gust front was advancing slower than the bow echo, as seen on VMI maps, and the temperature-drop line gradually caught up. During 0600-0700 LST, rainfall intensity increased and the rain area also expanded in size. The gust front continued to move southward alone with the temperature-drop line at 0800 LST, while the northern part of the bow echo had moved offshore from northeastern Taiwan (Fig. 5c ). At this time three rainfall maxima appeared over land, near 25.1 N, 121.5 E (40 mm h À1 ), 25 N, 121.3 E (20 mm h À1 ), and 25 N, 121.1 E (42 mm h À1 ), respectively. The first rainfall center was associated with significant flow divergence, while northeasterly winds prevailed over the other two centers, as well as much of the postfrontal area in northwestern Taiwan. The gust front west of 121.3 E had started to move southward more quickly, away from the temperature-drop line once again at 0900 LST (Fig. 5d) . The rainfall area also expanded southward slowly, but its peak value decreased. The surface airflow over northwestern Taiwan at this time was rather complicated, with two anti-cyclonic vortices associated with higher rainfall and downdrafts of individual convective cells within the squall line (latter not shown). After 0900 LST, the rain over northern Taiwan gradually diminished, while the gust front and temperature-drop line near the mountains could no longer be identified (not shown). Distribution of the total rainfall during 0600-1400 LST (Fig. 6) shows that the rain from this event fell primarily along the coast from northern to northwestern Taiwan. Many stations within about 15 km along the coast reached the CWB's criterion of heavy rainfall (>50 mm in 12 h), and the highest accumulation of 91 mm was at Tamshui, the location where the apex of the bow echo made landfall (cf., Fig. 5a ).
The time series of surface observations at TTIA (Fig. 7) shows that the gust front passed the radar site just before 0600 LST, as weak westerly winds turned abruptly into a much stronger northwesterly flow (cf., Fig. 5 ). With instantaneous gusts of 18.5 m s À1 (37 kts) at 0615 LST, weather phenomena that immediately followed the passage of the gust front included a rapid pressure rise of about 4 hPa and a temperature drop by at least 5 C, as well as a sudden rain shower. Consistent with (Fig. 7) , also in agreement with earlier studies (Johns et al. 1990 ).
Radar echo characteristics
5.1 Structure and evolution of the squall line Figure 8 presents the VMI of precipitation echo observed by the CAA radar at TTIA, and clearly depicts the evolution of the squall line. Hourly position of the cold front using time interpolation/space extrapolation from synoptic and surface analysis is also shown. By 0000 LST 26 Nov, the squall line formed along the cold front to the north of Taiwan (not shown). With an ENE-WSW orientation, it traveled east-southeastward at about 7.2 m s À1 after formation, while echoes south of the radar were ground clutters of SMR (Figs. 8a and 8b, cf., Fig. 1 ). With time, the squall line's trailing stratiform region gradually developed toward the northeast or the rear-left side (Figs. 8b  to 8d ). At 0405 LST, the main line moved to within 60 km from the radar, and a NE-SW oriented echo segment about 60 km in length (marked as ''A'') appeared at the southwestern end of the line (Fig. 8d) . It is plausible that the topography near the coast of southeastern China (cf., Fig. 1 ) contributed to the uneven wind speed under the prevailing southwesterly flow in the lower troposphere behind the line at this time. With continuous new development to the southwest, the segment ''A'' gradually strengthened into a well-defined bow echo after 0505 LST and propagated rapidly eastward at about 16-18 m s À1 through 0605 LST to make landfall over northern Taiwan (Figs. 8e and  8f ) . During this period, the front east of 120.5 E was moving faster (cf., Fig. 5 ) and the associated squall line had gradually fallen behind, forming a wide area of stratiform/anvil clouds. After passing the radar site, bow echo ''A'' continued to move east at 0705 LST and its northern part apparently weakened (Fig.  8g) . Although a wet radome and the precipitation surrounding the radar site (cf., Fig. 7 ) most likely attenuated the echo associated with ''A'' (e.g., Meischner et al. 1997; Alberoni et al. 2001) , the strongest rainfall at this time was behind the front and not at the bow (cf., Fig. 5b ). At 0805 LST, bow echo ''A'' seemed to regain some strength as it moved offshore at a reduced speed (Fig. 8h) , but afterwards the bowed structure was no longer identifiable (not shown). Convective cells near the radar site at 0805 LST and later times likely caused the appearance of surface vortices and the intense rainfall at 0900 LST (cf., Figs. 5d and 7) . After 0845 LST, as mentioned, the radar observation was forced to stop due to a lightning strike. During the lifetime of the squall line (>8 h), its maximum length reached at least 450 km (for areas b 20 dBZ, cf. Fig. 8e ), although it was difficult to estimate the full length precisely due to attenuation and overshooting of radar beams at long ranges (e.g., Fig. 2 .8, Doviak and Zrnic 1993) . Based on Fig. 8 and similar VMI maps at 15-min intervals, positions of the squall line and the bow echo were reproduced in Fig. 1 . The present case was consistent with the first pattern of Johns and Hirt (1987) , with a single bowed segment propagating along a slowmoving front.
The RHI of radar reflectivity and radial velocity, along the direction perpendicular to the squall line with an azimuth angle of 348 (cf., Fig. 8e) , at 0500 LST when the bow echo took shape, is presented in Fig. 9 . The main convective line was 48 km from the radar and intense, as the 40-dBZ echo reached 7-km Above Ground Level (AGL) and the echo top reached at least 14 km (Fig. 9a) . While new cells developed ahead of the main line (near 30 km), the trailing stratiform region (about 40 km wide) formed by weakening echoes near and below the melting level. In the radial velocity field (Fig. 9b ) a zero speed line was about 34 km from the radar at the surface, indicating the position of the gust front with new cell development slightly ahead (cf., Fig. 9a ). Above this line, positive velocities (outbound and leftward) existed and slanted backward slowly with height, with a maximum speed of 17 m s À1 at 4-km AGL (Fig. 9b) . Below the zero line, on the other hand, negative velocities (inbound and rightward) existed and reached À16 m s À1 at the surface (near 47 km). This RTF inflow lay directly below the region of strong reflectivity and was associated with downdrafts. The approximated flow structure (arrows, with the updraft location determined from reflectivity) was typical of mature squall lines (e.g., Smull and Houze 1985; Houze et al. 1989 ) and very similar to the model results of Liu et al. (1997, their Fig. 14) . Compare with earlier times (not shown), both FTR and RTF inflows intensified at 0500 LST, but an RIJ at midlevel was not established. 
Structure and evolution of the bow echo
After segment ''A'' moved within the range of Doppler mode, its evolution can be depicted by the VMI of reflectivity (b30 dBZ) and 2-km CAPPI radial velocity fields in Fig. 10 . The segment first evolved into a bow structure at 0430 LST and about 80 km to the WNW of radar (Fig. 10a) , with an apex at its front side and a weak-reflectivity notch behind (Burgess and Smull 1990; Przybylinski 1995) . At this time the bow echo was about 60 km long and 20 km wide. It moved eastward at about 16.7 m s
À1
(60 km h À1 ), rapidly approaching TTIA located at ð0; 0Þ (cf., Fig. 1 ). Note that its motion vector was slightly to the right of the midlevel wind (cf., Fig. 4 ), in agreement with Johns and Hirt (1987) . In the 2-km CAPPI radial velocity field, strong convergence appeared along the leading edge of the squall line. The largest positive (outbound) velocity toward the system at ðÀ29; 47Þ reached 6 m s À1 , and presumably corresponded to strong updraft. Behind the squall line there were several negative (inbound) velocity centers. The largest of À22 m s À1 was at ðÀ88; 50Þ and corresponded to the RTF (arrow), which is closely linked to the notch and the bulged shape (e.g., Fujita and Caracena 1977; Przybylinski and Gery 1983; Smull and Houze 1987) . The bow echo strengthened and reached 80 km in length at 0500 LST, with an evident notch immediately behind (Fig. 10b) . The RTF inflow remained strong with a peak value of À23 m s À1 at ðÀ52; 31Þ, while new cells developed to the southwest of the bow echo (cf., 8e). Another significant feature in the CAPPI velocity field was that two relative maxima appeared at the backside of the bow, one to the north and the other to the south. The northern center at ðÀ45; 45Þ reached 0 m s À1 and the southern one at ðÀ75; 24Þ was À3 m s À1 . A much larger inbound speed associated with the RTF inflow at the notch implies that a pair of cyclonic and anticyclonic vortices (dashed arrows) was under development at two ends of the bow echo's backside. Thus, the formation of ''bookend'' vortices (Weisman 1993 ) at 2-km AGL was also evident. At 0530 LST (Fig. 10c ) the bow echo continued to move eastward at 16.9 m s À1 (61 km h À1 ) and reached maturity at 90 km in length. The maximum echo near the apex was over 50 dBZ, while the reflectivity gradient at the leading edge, which was only 18 km from the radar, was very large. The notch at this time also became more pronounced. In agreement with this intensification in bow echo signature, the RTF inflow reached its maximum speed of À25 m s À1 at ðÀ50; 29Þ and ðÀ26; 18Þ. The bookend vortices continued to develop and their associated relative velocity centers reached 10 m s À1 at ðÀ12; 43Þ and À9 m s À1 at ðÀ56; 13Þ, respectively (Fig. 10c) . The leading edge of bow echo ''A'' moved close to the radar site at 0600 LST (Fig. 10d) . While the bow-shaped structure was even more evident, the echo intensity at the northern part apparently had started to be affected by attenuation. At this time, the RTF inflow at 2-km AGL still reached À21 m s À1 , although its strength was likely not fully depicted because its direction, presumably toward the notch, was at an angle from the radar. The southern anti-cyclonic vortex was still quite clear, with a relative velocity maximum of À7 m s À1 at ðÀ30; 9Þ. The cyclonic shear associated with the northern vortex was also discernible, but its center appeared to move farther away from the RTF inflow (Fig. 10d) . The southern segment of the bow echo, at 0615 LST (Fig. 10e) , produced surface straight-line gusts from the WNW as shown in Fig. 7 . After 0600 LST, in addition to attenuation, the bow echo seemingly also weakened temporarily as it passed through northern Taiwan (Figs. 10e and 10f , cf., Fig. 1 ), as discussed in Section 5.1. At 0630 LST, the circulation of the northern bookend vortex, though apparently quite large, could be barely identified (Fig. 10f ) . The southern vortex, on the other hand, still remained, but was relatively small with a diameter of only about 12 km.
For the CAPPI radial velocity fields presented above (Fig. 10) , the interpretation was mainly based on the recognition of singleDoppler radial velocity patterns (e.g., Wood and Brown 1983; Burgess and Ray 1986) . Although several methods for retrieving twodimensional winds from single-Doppler observations are available (e.g., Qiu and Xu 1992; Laroche and Zawadzki 1994; Zhang and GalChen 1996) , many have limitations, and the more reliable methods are better suited for tropical cyclones (e.g., Lee et al. 1999) or require constraints more stringent than what our dataset can provide (e.g., Liou 1999) . Perhaps more importantly, our main interests were the intensification and mature stages (before 0600 LST) of the bow echo, when it was moving nearly toward the radar and the overall flow structure could already be depicted ade- quately by just the radial winds in Fig. 10 . Thus, further wind retrieval was not performed here.
The RHI of reflectivity and radial velocity across the bow echo, along an angle between 295.8 and 308.9 (cf. Figs. 10a to 10c ) are presented in Fig. 11 . At 0430 LST (Fig. 11a) , the main convective line was 86 km from the radar and the echo b 40 dBZ reached 11-km AGL, suggesting the severity of the convection. Like in Fig. 9 , new cells were developing ahead of the main line, at about 80 km from the radar.
Since bow echo ''A'' was moving toward the radar at about À16 m s À1 (thick gray lines), greater values corresponded to FTR flow relative to the system (Fig. 11b) . Such areas existed below about 5-km AGL ahead of the main line and reached 8.5-km near the main updraft, with its location again determined based on reflectivity. On the other hand, relative RTF inflow (<À16 m s À1 ) existed below 6-km AGL behind the main convective line and was maximized below 2 km. Thus, an RIJ in the middle troposphere did not form at this time. As indi- cated by the large horizontal gradient of radial wind speed, convergence existed between the FTR and RTF inflows, and was strongest near 2-km AGL just underneath the maximum echo center and the updraft (cf., Fig. 11a) . As in Fig.  9b , relative RTF outflow, with a radial speed of at least À30 m s À1 , appeared in the upper troposphere ahead of the updraft (Fig. 11b) .
At 0500 LST, main convection moved to within 54 km from the radar, and the maximum reflectivity increased to over 50 dBZ near 5-km AGL (Fig. 11c) . Compared to 0430 LST, the convection was more intense and the trailing stratiform region was much better developed, with echoes b 20 dBZ near and below the melting level at about 4.7 km (580 hPa) judged from Fig. 4a . In the radial velocity field (Fig. 11d) , the system-relative FTR inflow strengthened and the updraft became less upright and more tilted. Immediately behind the low-level FTR inflow, the narrow zone of speed convergence reached 3-3.5 Â 10 À3 s À1 and also grew higher into the midlevels. Behind this zone, the RTF inflow (À24 m s À1 ) peaked at 4.5-km AGL, indicating the development of an RIJ in the middle troposphere, near the melting level within the stratiform region. While moving forward, at least a branch of the RTF inflow descended toward the gust front in a configuration similar to the elevated RIJ model of Weisman (1992) , since severe straight-line winds were observed later at the surface over northwestern Taiwan (Fig. 5a) .
At 0530 LST, the main convective line moved to only 26 km from the radar (Fig. 11e) . Although its upper portion could not be observed, the reflectivity remained largely unchanged in intensity, suggesting that the bow echo had reached maturity, consistent with Fig. 10 . The stratiform region widened to about 45 km, with peak intensity over 30 dBZ below 5 km. The low-level convergence zone between the FTR and RTF inflows in the radial velocity field continued to become more tilted backward with height (Fig. 11f ) . Compared to 30 min before, the mid-level RIJ also became flatter, but still coincided with the strongest stratiform echoes and descended toward the gust front. Two velocity centers were observed within the RTF inflow, one (À23 m s À1 ) at 3.9 km and the other (À25 m s À1 ) at 2.9 km, respectively (cf., Fig.  10c ). Below the RIJ, weak relative outflow from the cold pool at the surface also appeared. Although the main updraft's location was determined using reflectivity, the basic flow structure and evolution in Fig. 11 , including the gradual tilting of the updraft toward up-shear and the development of an elevated RIJ, agreed well with the simulation of Weisman (1993, his Fig. 9 ).
5.3
The back-building squall line near the southern bookend vortex As the bow echo passed through northern Taiwan during 0600-0730 LST, although its northern part experienced apparent weakening, its southwestern part was quasi-stationary and merged with newly-developed cells close to the radar site (Figs. 8 and 10 ), contributing to the heavy rainfall along the northwestern coast of Taiwan (cf., Figs. 6 and 7). The VMI reflectivity and CAPPI radial winds at 1.5-km AGL during 0645-0800 LST are presented in Fig.  12 . After 0630 LST, to the west of the weakening cell ''A1'' associated with the bow echo (cf. Fig. 10f ), individual convective cells ''A2'', ''B'', ''C'', and ''D'' formed (or intensified in the case of ''B'') and moved eastward during 0645-0800 LST (Figs. 12a to 12c ). Between cells ''A1'' and ''A2'', the southern (anticyclonic) bookend vortex remained visible at 1.5 km through 0800 LST, with a pair of velocity centers and a wind-shift line (identified through large radial wind gradients) to its southwest (Figs. 12d to  12f ). Associated with cell ''B'', another cyclonic vortex was also identifiable. During this period, both vortices moved eastward along with the cells, and their relative position remained largely unchanged. The series of cells showed characteristics of a backward-building squall line (Bluestein and Jain 1985) , with new cell development over ocean, generally to the west of the radar site, then moving onshore. The large rainfall amount of almost 30 mm received during 0800-0900 LST in Fig. 7 was from cell ''B'', while the rain near and behind the apex of the bow echo was also quite intense during its landfall period (Figs. 5a and 5b) .
Discussion
6.1 Synoptic setup and environmental conditions In Section 3, it was shown that the present bow echo formed in an environment with a CAPE of 1288 m 2 s À2 (for 925-hPa air) and a vertical wind shear of 28 m s À1 in the lowest 3 km (Fig. 4) . The magnitude of wind shear was close to the ''strong-shear'' condition used by Weisman (1992 Weisman ( , 1993 ) of 25 m s À1 over 2.5 km, while the CAPE was significantly lower than the optimal (b2000 m 2 s À2 ), but comparable to less-than-ideal values found for warm season (Przybylinski 1995; Kennedy and Rutledge 1995; Schmid et al. 2000) or cases outside the midlatitudes over the tropics (Jorgensen et al. 1997) or near Hawaii (Businger et al. 1998) . Obviously, bow echoes can also develop near Taiwan, in the maritime subtropics and in cold season, given suitable synoptic setup and environmental conditions. To our knowledge, this study represents the first documentation of wintertime bow echoes over the East Asia in the open literature.
In this study, as the convection initiated along the cold front, the environment of the bow echo fitted the type with stronger dynamics (Johns 1993; Przybylinski 1995) . Judged from station plots in Fig. 3 , surface temperature contrast across the front over southern China reached 8 -10 C. This and its westward tilt with height indicated that the approaching cold front exhibited appreciable baroclinity. Hence, the west-southwesterly prefrontal flow was b15 m s À1 at 850 hPa and reached 28 m s À1 at 700 hPa (Figs. 3 and 4a) , transporting warm and moist air toward the frontal zone and at the same time, providing a sufficiently strong vertical shear essential for bow echoes (e.g., Johns et al. 1990; Weisman 1992 Weisman , 1993 . Further above, westerly wind speed continued to slowly increase due to the approach of the ULJ, and the advection from the continent obviously caused significant midlevel drying at Panchiao during 0800-2000 LST 25 Nov (Fig.  4b) . Not only this differential advection destabilized the atmosphere and increased CAPE prior to the breakout of convection; the low-level moistening and midlevel drying are also important factors for bow echoes (Johns and Hirt 1987) and long-lived squall lines (Rotunno et al. 1988) . Thus, in this case the cold front not only provided a means to trigger and organize the convection into a linear shape, but with a deep structure, its approach also helped create suitable thermodynamic and (vertical) shear conditions for bow echoes near the frontal zone. The vertical shear of 28 m s À1 in 3 km was quite extreme in Taiwan and larger than typical values found for squall lines in Mei-yu season (usually @15 m s À1 below 700 hPa, e.g., Wang et al. 1990; Lin et al. 1992; Wang et al. 2005) . The moderate CAPE value, on the other hand, was comparable to those in Mei-yu season (e.g., Chen and Chou 1993), but also rare during the cold season as described in Section 1. Thus, both factors of the instability and vertical wind shear were essential for the present bow echo case. However, the fact that it occurred in winter, under suitable synoptic and environmental conditions, was in contrast to the climatology in the US, where the majority of bow echoes are observed in late spring-early summer with large CAPE and strong midlevel winds (e.g., Johns and Hirt 1987; Przybylinski 1995) . As exemplified by Businger et al. (1998) , the possibility for winter bow echoes also exists near Hawaii, in the maritime subtropics but without a pronounced monsoon circulation.
After the squall line developed, with a prevailing flow from the WSW, the configuration of a larger tangential ðV t Þ and a smaller normal component ðV n Þ of the low-level wind (Fig. 4c) was reminiscent to the back-building type (Bluestein and Jain 1985) or the parallelstratiform type convective line (Parker and Johnson 2000) . The squall line was also associated with a tapering or carrot-shaped cloud (Toyoda et al. 1999, Ishizuka and Kodama 2001) whose internal structure was seldom studied. The back-building process was especially apparent after 0630 LST (Section 5.3), and was important for rainfall accumulation along the coast of northwestern Taiwan (Figs. 5, 6, and 12), similar to results of Lin et al. (1992) . The heavy rainfall associated with the present bow echo (also near the apex) was another aspect quite different from events in the US, where the RIJs are usually stronger and the focus is mainly on the destructive gusts from the downbursts (e.g., Johns et al. 1990; Przybylinski 1995; Weisman 2001) . The propagation speed of the present case was relatively slow compared to most US events (e.g., Johns and Hirt 1987, their Fig. 10 ), consistent with its weaker RIJ and a relatively high rainfall accumulation. To some extent, the rainfall in this case was also likely enhanced by the steep topography of Taiwan (cf., Fig. 1 ).
Structure and evolution of the bow echo
With an ambient low-level vertical shear of about 9 Â 10 À3 s À1 (28 m s À1 over 3 km, Fig.  4a ), the squall line formed along the cold front. At 0330 LST, the maximum system-generated shear at the cold pool-updraft interface, as determined using radial velocity field similar to Fig. 9b (not shown), was 7 Â 10 À3 s À1 and in rough balance with the ambient shear (Rotunno et al. 1988) . At 0500 LST as the stratiform region and cold pool strengthened, the RTF inflow grew thicker in depth, the updraft acquired an up-shear tilt, and the systemgenerated shear at the leading edge of the cold pool reached 14 Â 10 À3 s À1 (Fig. 9) and likely overwhelmed the environmental shear. Thus, the evolution in lifting characteristics of the squall line appeared to agree with Weisman (1992 Weisman ( , 1993 for bow echo development. For our case, the bow echo was well developed by 0530 LST when the RTF inflow already became elevated with peak strength of À23 to À25 m s À1 at 3-4 km AGL (Figs. 10 and 11) . Such a RIJ strength, as discussed earlier, was weaker than those typically found in US cases (e.g., Burgess and Smull 1990; Weisman 1993) , but comparable to those in less ideal conditions (e.g., Businger et al. 1998; Schmid et al. 2000) . Here, the RIJ also remained elevated until very close to the main convective line, causing strong horizontal convergence (reaching 3:5 Â 10 À3 s À1 ) and deep lifting extending from the surface into midlevels, with structural characteristics similar to Weisman (1992 Weisman ( , 1993 . At the cold pool-updraft interface, it is difficult to estimate the system-generated shear vorticity using Fig. 11f without vertical motion. However, it was at least 7 Â 10 À3 s À1 at 0530 LST, as judged using nearby radial velocity centers of opposite directions at a higher elevation (near 4-km AGL) at 30 km. Since it is the system-generated vertical shear that controls the lifting characteristics of the updraft in the mature stage (Weisman 1992 (Weisman , 1993 , it partially explains why bow echoes can develop in environments with only a moderate CAPE. Once the squall line forms, if the low-level vertical shear is sufficiently strong and the midlevel is dry enough, an intense cold pool and the RIJ could develop, and a squall line segment could evolve into a bow echo, as in the present case (Fig. 8) .
During the 4-h lifespan of the bow echo, it propagated rapidly eastward along the squall line at a direction consistent with Johns and Hirt (1987) . Its middle segment reached the shoreline of northwestern Taiwan near 0600 LST (Fig. 5b) , and produced strong surface gusts during its passage through TTIA (Fig. 7) . However, the echo intensity near the apex seemingly weakened for 1-2 h after it made landfall (Figs. 8 and 10) , likely due to a higher frictional drag, terrain blocking, and a reduction in the supply of high-y e air into the system at low levels, as suggested for fast, eastwardmoving squall lines (e.g., Teng et al. 2000) .
Bookend vortices
As shown in Fig. 10 , a pair of bookend vortices, i.e., a cyclonic vortex to the north and an anticyclonic one to the south, also appeared at the immediate backside of the bow echo in our case, and was most visible at 2-km AGL. An examination of CAPPI radial velocity fields at various levels (not shown) indicated that the vortex pair existed at 1-3 km, but extended less into the midlevels as compared to several other studies (e.g., Jorgensen et al. 1997; Atkins et al. 2004) . Both the relatively short lifespan and the less extension of the vortex pair might be, to some extent, linked to the moderate characteristic of the present bow echo.
In Section 5.2, it was quite clear that after the bookend vortices formed, the RIJ continued to intensify (from À22 to À25 m s À1 ) and extended toward the gust front from 0430 to 0530 LST (Figs. 10 and 11) . Thus, the vortex pair might also contribute toward the rear inflow through a focusing effect, as suggested by Weisman (1993) . At 2-km AGL, the anticyclonic vortex (and its remnant) at the southwestern end of the bow lasted through 0800 LST, with a diameter about 10-15 km (Figs. 10 and 12 ). This vortex did not appear to be suppressed, perhaps because the nearby bow segment remained over ocean longer with more active convection. The northern vortex, on the other hand, grew upscale in size prior to 0600 LST, but its circulation weakened afterwards, although the single-Doppler velocity signature still resembled a broad cyclonic flow (Fig. 10 , e.g., Wood and Brown 1983; Burgess and Ray 1986) . Thus, it was unclear whether a weak comma head (Fujita 1978; Weisman and Davis 1998) existed in the present case. Nonetheless, the result was in general agreement with a smaller Coriolis parameter in the subtropics.
Conclusion
In the early morning of 26 Nov 1997, an ENE-WSW oriented squall line associated with a tapering (or carrot-shaped) cloud formed to the north of Taiwan along a cold front, and moved south-southeastward. When the squall line approached Taiwan, a segment at its southwestern section evolved into a bow echo, then propagated rapidly eastward at about 16 m s À1 , eventually making landfall at northern Taiwan around 0600 LST. At the Taiwan Taoyuan International Airport, the passage of the bow echo brought surface northwesterly gusts of 18.5 m s À1 , an abrupt pressure rise, and a sudden temperature drop followed by convective rain. The present study documents the structure and evolution of this very rare subtropical wintertime bow echo, the first reported for the region, mainly using observations of single-Doppler radar located at the airport. The environmental conditions and characteristics of this case are discussed and compared with events in the US and other regions.
The bow echo embedded within the squall line was about 60-90 km in length and lasted for 4 h (0400-0800 LST), and developed in an environment of very strong low-level vertical shear (28 m s À1 at 0-3 km) but only moderate instability (with a CAPE of 1288 m 2 s À2 ). Such magnitudes of both vertical shear and CAPE, however, were rare near Taiwan in winter. After formation, the bow segment possessed a bulged apex with a strong reflectivity gradient and a trailing notch (weak echo cavity). The notch was collocated with a RTF inflow jet peaking at 25 m s À1 near 4 km AGL, and a pair of bookend vortices also appeared at 1-3 km AGL at lateral ends of the bow echo. It was found that the approaching cold front not only organized the convection into a linear shape, but since it was associated with unusually strong prefrontal flow, it also helped generate large vertical shear and warmth/moisture at low levels and a relative dry middle troposphere, i.e., conditions conducive to bow echo development. The present case contrasts with the majority of midlatitude continental bow echoes in two aspects: it occurred in cold rather than warm season, and it was associated with heavy rainfall that was linked to its weaker rear inflow and relatively slow propagation speed.
The structure and evolution of the present bow echo was in general agreement with results of Weisman (1992 Weisman ( , 1993 , except that the RTF inflow in this case, peaking at 25 m s À1 , was by comparison weaker than in most US cases. With time, the main updraft gradually tilted up-shear, and together with the development and rearward extension of the stratiform region, the RTF inflow became elevated and remained so until very close to the gust front during the mature stage. The southern bookend vortex was mostly over ocean and lasted for about 3 h, while the northern one grew upscale in size but a ''comma head'' at late stages was not readily identifiable.
